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JURZQDQGWKHVHDUHFRQVLGHUHGZDVWHDIWHUWKHIUXLWVDUHULSHQHG+HQFHWKHEDQDQDILEHUREWDLQHGIURPWKHSODQWV
FDQ EH H[SORUHG DV D SRWHQWLDO UHLQIRUFHPHQW 2WKHU SODQW ILEHUV WKDW SOD\ D PDMRU UROH DUH MXWH IOD[ VLVDO DQG
SLQHDSSOH %URXZHU  ,W LV ZHOO NQRZQ WKDW DONDOLQH WUHDWPHQW FOHDQV WKH ILEHU VXUIDFH RII LWV LPSXULWLHV
PRGLILHV WKHVXUIDFHVWUXFWXUHDQG LQFUHDVHV WKHILEHUVXUIDFHDUHD:LWK WKH LQFUHDVH LQVXUIDFHDUHD WKHFHOOXORVH
PLFURILEULOVJHWH[SRVHGZKLFKLQWXUQLPSURYHGWKHZHWWDELOLW\DQGLPSUHJQDWLRQ .XPDUDQG0LVUD7KH
PRLVWXUH DEVRUSWLRQ E\ WKH ILEHU FRPSRVLWHV DQG LWV GHWULPHQWDO HIIHFW RQ WKH PHFKDQLFDO SURSHUWLHV DUH D SULPH
FRQFHUQ HVSHFLDOO\ZKHQ WKHVH DUHXVHG IRUPDULQH DSSOLFDWLRQV9LQ\O HVWHU FRPSRVLWHV VKRZV VXSHULRU FKHPLFDO
VWDELOLW\LQVHDZDWHUDWPRVSKHUH $SLFHOODHWDO+HQFHLQWKHSUHVHQWZRUNYLQ\OHVWHUUHVLQLVXVHGWRPDNH
EDQDQD ILEHU UHLQIRUFHG FRPSRVLWHV &RPSRVLWHV IURP HQ]\PH WUHDWHG ILEHUV KDYH VKRZQ EHWWHU PHFKDQLFDO
SURSHUWLHV ZKHQ FRPSDUHG WR XQWUHDWHG ILEHU FRPSRVLWHV RZLQJ WR WKH LQFUHDVHG LPPRELOL]DWLRQ RI WKH SRO\PHU
PDWUL[DW ILEHUPDWUL[ LQWHUIDFH .DUDGXPDQDQG2QDO,W LV UHSRUWHG WKDWEDQDQD ILEHUKDYLQJKLJKVSHFLILF
VWUHQJWKPDNHVDOLJKWZHLJKWFRPSRVLWHPDWHULDO *KRVKHWDO
1RPHQFODWXUH
0R LQLWLDOGU\ZHLJKWRIWKHFRPSRVLWHVSHFLPHQ
0W PHDVXUHGZHLJKWRIWKHFRPSRVLWHVSHFLPHQDWWLPHµW¶
0PD[ PD[LPXPPRLVWXUHFRQWHQWDWVDWXUDWLRQFRQGLWLRQ
' FRHIILFLHQWRIGLIIXVLRQ
K WKLFNQHVVRIWKHFRPSRVLWHVSHFLPHQ
 ([SHULPHQWDO
 0DWHULDOVDQG)DEULFDWLRQSURFHVV
%DQDQDILEHUVZHUHWDNHQDVWKLQEXQFKHVDQGZHDYHGLQWRPDWVXVLQJDZLUHIUDPHVXSSRUW7KHVHZRYHQPDWV
ZHUHWKHQWUHDWHGZLWK1D2+VROXWLRQIRUKRXUV7KHVHPDWVZHUHWKHQZDVKHGZLWKUXQQLQJWDSZDWHUDQGWKHQ
ZLWKGLVWLOOHGZDWHUWRUHPRYHDQ\WUDFHVRI1D2+7KHVHPDWVZHUHWKHQGULHGLQDQRYHQPDLQWDLQHGDW R&IRU
KRXUV%LVSKHQROHSR[\EDVHGYLQ\OHVWHUUHVLQLVREWDLQHGIURP(&0$65HVLQ3YW/WG,QGLDDQGLVXVHGDVWKH
PDWUL[ PDWHULDO7KHGHWDLOHGIDEULFDWLRQSURFHGXUHLVH[SODLQHGLQDQRWKHUMRXUQDOSDSHUE\WKHVDPHDXWKRU *KRVK
HWDO
 7KHVRQLFDWLRQSURFHVVRQWKHILEHUPDWV
7KH FRPSRVLWHV VSHFLPHQV ZHUH PDGH IROORZLQJ WKH JHQHUDO SURFHGXUH RI KDQG OD\XS WHFKQLTXH 6SHFLPHQV
ZHUHDOVRPDGHE\WKHVRQLFDWLRQSURFHVVLQJRIWKHILEHUPDWVLQUHVLQ7KHVRQLFDWLRQSURFHVVLVGHWDLOHGLQDQRWKHU
SDSHUSXEOLVKHGHDUOLHU *KRVKHW DO7KHVSHFLPHQV VXEMHFWHG WRGLIIHUHQWHQYLURQPHQWDOFRQGLWLRQVZHUH
WHVWHGIRUWHQVLOHDQGIOH[XUDOWHVWV7KHVWUHQJWKVDUHFRPSDUHGEHWZHHQWKHIROORZLQJFDVHV
L ZKHQWKHILEUHVDUHWUHDWHGZLWK1D2+QRUPDOO\
LL ZKHQWKHILEUHVDUHWUHDWHGZLWK1D2+DQGVXEMHFWHGWRVRQLFDWLRQSURFHVV
LLL ZKHQWKHILEHUVDUH WUHDWHGZLWK1D2+DQGWKHFRPSRVLWHVSHFLPHQVDUHLPPHUVHGLQGLVWLOOHGZDWHU
LY ZKHQ WKH ILEHUV DUH WUHDWHG ZLWK  1D2+ DQG VXEMHFWHG WR VRQLFDWLRQ SURFHVV DQG WKH FRPSRVLWH
VSHFLPHQVDUHLPPHUVHGLQGLVWLOOHGZDWHU
 :DWHUDEVRUSWLRQWHVW
7KHVHVSHFLPHQVZHUHILUVWZHLJKHGDQGWKHQLPPHUVHGLQ GLVWLOOHG ZDWHU6SHFLPHQVZHUHSHULRGLFDOO\WDNHQRXW
RIWKHZDWHUWKHVXUIDFHLVZLSHGZLWKDWLVVXHSDSHUDQGZHLJKHGLQDQHOHFWURQLFEDODQFH7KHZDWHUXSWDNHZDV
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SORWWHGDJDLQVWVTXDUHURRWRI LPPHUVLRQWLPH
7KHPRLVWXUHDEVRUEHG µ0¶ LQLVFDOFXODWHGXVLQJ
Ψ α  ͳͲͲ  
ZKHUH 0W LVWKHPHDVXUHGZHLJKWRIWKHVSHFLPHQDWWLPHWDQG 0R LVWKHLQLWLDOGU\ZHLJKWRIWKHVSHFLPHQ
 0HFKDQLFDOVWUHQJWKVWHVW
7KHWHQVLOHVWUHQJWKLV WKHPD[LPXPVWUHVVWKDWDPDWHULDOFDQZLWKVWDQGZKLOHEHLQJVWUHWFKHGRUSXOOHGEHIRUH
QHFNLQJZKLFKLVZKHQWKHVSHFLPHQ¶VFURVVVHFWLRQVWDUWVWRVLJQLILFDQWO\FRQWUDFW7HQVLOHWHVWVPHDVXUHWKHIRUFH
UHTXLUHGWREUHDNDSRO\PHUFRPSRVLWHVDPSOHVSHFLPHQDQGWKHH[WHQWWRZKLFKWKHVSHFLPHQVWUHWFKHVRUHORQJDWHV
WRWKDWEUHDNLQJSRLQW
7HQVLOH WHVWVRI WKHFRPSRVLWHVSHFLPHQVZHUHGRQHDFFRUGLQJ WR$670'7KH WHVWVZHUHFDUULHGRXW LQD
+RXQVILHOGWHQVRPHWHU  PRGHO+.:7KHFURVVKHDGVSHHGZDVPPPLQ
7KHIOH[XUDOVWUHQJWKLVDPHFKDQLFDOSDUDPHWHUDQGLVGHILQHGDVWKHPDWHULDO¶VDELOLW\WRUHVLVWGHIRUPDWLRQXQGHU
ORDG7KHIOH[XUDO WHVWZDVGRQHDFFRUGLQJWR$670'LQDXQLYHUVDO WHVWLQJPDFKLQHE\81,7('FDOLEUDWLRQ
FRUSZLWKDFURVVKHDGVSHHGRIPPPLQ
 5HVXOWVDQGGLVFXVVLRQ
7KHZDWHUDEVRUSWLRQLQWRWKHFRPSRVLWHVSHFLPHQPD\EHFRQVLGHUHGWREHIROORZLQJWKUHHGLIIHUHQWPRGHV7KH
SULQFLSDOPRGHEHLQJ WKHGLIIXVLRQRIZDWHUPROHFXOHV LQWR WKHPLFURJDSVRI WKH UHVLQZKLOH WKHRWKHU SURFHVVHV
EHLQJ FDSLOODU\ DFWLRQ WKURXJK WKH LQWHUIDFLDO JDSEHWZHHQ WKH ILEUH DQG WKH UHVLQ DQG DOVR WKURXJK WKH ILEHU DQG
WUDQVSRUWRIZDWHUWKURXJKWKHPLFURFUDFNVLQWKHPDWUL[
7KHGLIIXVLRQLQPRVWRIWKHFDVHVIROORZVWKHHTXDWLRQ
α  
ZKHUH0W LVWKHPRLVWXUHFRQWHQWDWWLPHW0PD[ LVWKHPD[LPXPPRLVWXUHFRQWHQWDWVDWXUDWLRQDQG µN¶ DQG µQ¶ DUH
FRQVWDQWV
7KHGLIIXVLRQFRHIILFLHQWLVDQLPSRUWDQWSDUDPHWHULQ)LFNµV ODZ7KLVFDQEHIRXQGRXWIURPWKHIROORZLQJHTXDWLRQ
α     
ZKHUH0W 0PD[ DQGWDUHDVGHQRWHGDERYHDQGKLVWKHVSHFLPHQWKLFNQHVV7KHGLIIXVLRQFRHIILFLHQWFDQ
EHIRXQGRXWE\FRQVLGHULQJWKHVORSHRIWKHILUVWSRUWLRQRIWKHFXUYHEHWZHHQPRLVWXUHJDLQDQGVTXDUHURRWRIWLPH
E\WKHIROORZLQJHTXDWLRQ
α   

 
ZKHUH µN¶ LVWKHLQLWLDOVORSHRIWKHSORW
)LJUHSUHVHQWVWKHSHUFHQWDJHPRLVWXUHJDLQSORWWHGDJDLQVW WLPHLQKRXUV7KHDQDO\VLVRIGLIIXVLRQPHFKDQLVPDQG
NLQHWLFVFDQEHSHUIRUPHGE\PRGLI\LQJHTQDVVKRZQEHORZ
α Ϊ   
)LJVKRZV WKHJUDSKSORWWHGDJDLQVW DJDLQVW ORJW7KHVWUDLJKW OLQH LQ)LJVKRZV WKHILWWLQJRI WKH
H[SHULPHQWDOGDWDWRHTQ
7KHYDOXHVRI µN¶ DQG µQ¶ UHVXOWLQJIURPWKHJUDSK LQ ILJ DUH IRXQG WREHDQGUHVSHFWLYHO\7KH
GLIIXVLRQFRHIILFLHQWZDVIRXQGWREH  [ PPVHF
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)RUWKHFDVHRIVRQLFDWHGVSHFLPHQVLPPHUVHGLQGLVWLOOHGZDWHUWKH YDOXHRI µN¶ DQG µQ¶ UHVXOWLQJIURPWKHJUDSKLQ
ILJ LV IRXQG WR EH DQG  UHVSHFWLYHO\7KHYDOXHRI µQ¶VXJJHVWV WKDW WKH LQLWLDOGLIIXVLRQIROORZV
)LFN¶VODZ7KHGLIIXVLRQFRHIILFLHQWZDVIRXQGWR EH[ PPVHF
7KH WHQVLOH VWUHQJWK DQG IOH[XUDO VWUHQJWK RI WKH FRPSRVLWH VSHFLPHQV SUHSDUHG E\ GLIIHUHQW SURFHGXUHV DUH
SORWWHGDVVKRZQLQILJDQGLQILJUHVSHFWLYHO\7KHWHQVLOHVWUHQJWKRIWKHQRUPDOGU\VSHFLPHQVDQGVWUHQJWKVRI
VSHFLPHQVWKDWZHUHZDWHUVDWXUDWHGE\GLVWLOOHGZDWHUDUHDOVRVKRZQ,WFDQEHVHHQWKDWWKHFRPSRVLWHVWKDWZHUH
SUHSDUHGZLWKILEUHVVXEMHFWHGWRVRQLFDWLRQSURFHVVVKRZHGLPSURYHGPHFKDQLFDOVWUHQJWKV
7KH WHQVLOH VWUHQJWK RI WKH VRQLFDWHG FRPSRVLWH VSHFLPHQ KDV LQFUHDVHG E\  RYHU WKH VSHFLPHQV
SUHSDUHG LQ WKH QRUPDO SURFHVV 7KHUH LV D KHDY\ UHGXFWLRQ LQ WKH WHQVLOH VWUHQJWK RI VSHFLPHQV SUHSDUHG LQ WKH
QRUPDO SURFHVV WKDW ZHUH LPPHUVHG LQ GLVWLOOHG ZDWHU WR WKH H[WHQW RI  %XW WKH WHQVLOH VWUHQJWK RI WKH
VSHFLPHQV WKDW ZHUH SUHSDUHG E\ VRQLFDWLRQ SURFHVV ZDV PDUJLQDOO\ UHGXFHG E\  LQ FDVH RI FRPSRVLWH
VSHFLPHQVWKDWZHUHVDWXUDWHGZLWKGLVWLOOHGZDWHU
7KHIOH[XUDOVWUHQJWKRIWKHGLIIHUHQWFRPSRVLWHVSHFLPHQVDUHSORWWHGDQGVKRZQLQILJ7KHVSHFLPHQPDGHZLWK
VRQLFDWLRQ SURFHVV LV IRXQG WR KDYH IOH[XUDO VWUHQJWK RI  PRUH WKDQ WKH QRUPDO VSHFLPHQV 7KH IOH[XUDO
VWUHQJWKRIWKHQRUPDOVSHFLPHQVKDVUHGXFHGKHDYLO\ E\ LQFDVHRIGLVWLOOHGZDWHUVDWXUDWHGVSHFLPHQV%XW
PDUJLQDO UHGXFWLRQ LQ WKH IOH[XUDO VWUHQJWK E\ LV UHFRUGHGE\ WKH VSHFLPHQV WKDWZHUHPDGHE\ VRQLFDWLRQ
SURFHVVDQGLPPHUVHGLQHLWKHUGLVWLOOHGZDWHU7KLVFDQEHDWWULEXWHGWRWKHLQFUHDVHGZHWWDELOLW\DQGDGKHVLRQRIWKH
ILEUHVZLWKWKHUHVLQDVWKHXOWUDVRQLFZDYHVIRUFHWKHUHVLQWREHWWHUSHQHWUDWHDQGDGKHUHVWURQJO\WRWKHILEUHV 7KH
PLFURJDSVLQWKHILEHUPDWUL[LQWHUIDFHLVHOLPLQDWHGE\WKHVRQLFDWLRQSURFHVVOHDYLQJYHU\IHZYRLGV+HQFHWKH
FDSLOODU\DFWLRQRIZDWHULQJUHVVLVUHGXFHGGUDVWLFDOO\7KHUHIRUHWKHHIIHFWRIPRLVWXUHDEVRUSWLRQDQGWKHHIIHFWRI










    
OR
J
0
W
0
LQ
IL
ORJW
VSHFLPHQ
LPPHUVHG
LQGLVWLOOHG
ZDWHU
VRQLFDWHG
VSHFLPHQ
LPPHUVHG
LQGLVWLOOHG
ZDWHU








    

Z
DW
HU
J
DL
Q
WLPHLQKRXUV
VSHFLPHQ
LPPHUVHGLQ
GLVWLOOHG
ZDWHU
VRQLFDWHG
VSHFLPHQ
LPPHUVHGLQ
GLVWLOOHG
ZDWHU
Ϭ
ϮϬ
ϰϬ
ϲϬ
ϴϬ
ϭϬϬ
ϭϮϬ
ϭϰϬ
ϭϲϬ
ĨůĞ
ǆƵ
ƌĂ
ůƐ
ƚƌ
ĞŶ
Őƚ
Ś
;D
WĂ
Ϳ
EŽƌŵĂůĚƌǇ
ƐƉĞĐŝŵĞŶ
^ŽŶŝĐĂƚĞĚĚƌǇ
ƐƉĞĐŝŵĞŶ
EŽƌŵĂůƐƉĞĐŝŵĞŶͲ
ĚŝƐƚŝůůĞĚǁĂƚĞƌ
ƐĂƚƵƌĂƚĞĚ
^ŽŶŝĐĂƚĞĚ
ƐƉĞĐŝŵĞŶͲĚŝƐƚŝůůĞĚ
ǁĂƚĞƌƐĂƚƵƌĂƚĞĚ
ϵϱ
ϭϬϬ
ϭϬϱ
ϭϭϬ
ϭϭϱ
ϭϮϬ
ϭϮϱ
ƚĞ
ŶƐ
ŝůĞ
Ɛƚ
ƌĞ
ŶŐ
ƚŚ
;D
WĂ
Ϳ
EŽƌŵĂůĚƌǇ
ƐƉĞĐŝŵĞŶ
^ŽŶŝĐĂƚĞĚĚƌǇ
ƐƉĞĐŝŵĞŶ
EŽƌŵĂůƐƉĞĐŝŵĞŶͲ
ĚŝƐƚŝůůĞĚǁĂƚĞƌ
ƐĂƚƵƌĂƚĞĚ
^ŽŶŝĐĂƚĞĚ
ƐƉĞĐŝŵĞŶͲĚŝƐƚŝůůĞĚ
ǁĂƚĞƌƐĂƚƵƌĂƚĞĚ
)LJZDWHUJDLQZLWKWLPH )LJ FXUYHILWWLQJIRUGLIIXVLRQNLQHWLFV
)LJWHQVLOH VWUHQJWKRIWKHVSHFLPHQV )LJIOH[XUDOVWUHQJWKRIWKHVSHFLPHQV
315 Rajesh Ghosh et al. /  Procedia Materials Science  5 ( 2014 )  311 – 315 
PRLVWXUHRQWKHPHFKDQLFDOVWUHQJWKVDUHUHGXFHG
6(0LPDJHRIWKHIUDFWXUHGVSHFLPHQ
)LJDQG)LJ VKRZWKH6(0LPDJHVRIWKHIUDFWXUHGVSHFLPHQV
7KH 6(0 LPDJH VKRZV WKH SRURXV QDWXUH RI WKHPHUFHUL]HG ILEHU$ONDOL WUHDWPHQW FDXVHVPLFURSRURVLW\ LQ WKH
ILEHUV0RUHILEHUSXOORXWVLVHYLGHQWIURPWKH6(0LPDJHRI IUDFWXUHGVSHFLPHQSUHSDUHGLQWKHQRUPDOPHWKRG
0LFURJDSVDUHDOVRSUHVHQWWKDWLQGLFDWHVZHDNDGKHVLRQRIWKHUHVLQ6SHFLPHQVSUHSDUHGZLWKVRQLFDWLRQSURFHVV
VKRZ OHVVHU ILEHUSXOOSXWVDQG UHVLQSHQHWUDWLRQ LVDOVREHWWHU7KLV LQGLFDWHVEHWWHUDGKHVLRQRI WKH UHVLQDQG WKH
ILEHU
&RQFOXVLRQ
7KHZDWHUXSWDNHLQFUHDVHVUDSLGO\GXULQJWKHLQLWLDOVWDJHV7KHDEVRUSWLRQSURFHVVIROORZVWKH)LFNLDQGLIIXVLRQ
SURFHVVGXULQJ WKH LQLWLDO VWDJHVEXW ODWHU LW IROORZVQRQILFNLDQGLIIXVLRQSURFHVV$EVRUSWLRQ RI ZDWHU FDXVHV WKH
GHWHULRUDWLRQRIPHFKDQLFDOSURSHUWLHV ,QFDVHRI VRQLFDWHG VSHFLPHQV WKHPHFKDQLFDO SURSHUWLHVRI WKH VDWXUDWHG
VSHFLPHQV UHGXFH PDUJLQDOO\ FRPSDUHG WR QRUPDO VSHFLPHQV)LEHU SXOORXW DQG PLFURJDSV DUH PRUH LQGLFDWLQJ
ZHDNHUILEHUUHVLQDGKHVLRQIRUQRUPDOO\SUHSDUHGFRPSRVLWHVSHFLPHQV6RQLFDWHGVSHFLPHQVVKRZOHVVHUSXOORXWV
DQGJRRGSHQHWUDWLRQRIWKHUHVLQLQGLFDWLQJVWURQJERQGEHWZHHQILEHUDQGUHVLQ
5HIHUHQFHV
$SLFHOOD $ 0LJOLDUHVL & 1LFRODLV / ,DFFDULQR / 5RFFRWHOOL 6  7KH ZDWHU DJHLQJ RI XQVDWXUDWHG SRO\HVWHUEDVHG FRPSRVLWHV
LQIOXHQFHRIUHVLQFKHPLFDOVWUXFWXUH&RPSRVLWHV±
%URXZHU:'1DWXUDOILEHUFRPSRVLWHVLQVWUXFWXUDOFRPSRQHQWVDOWHUQDWLYHDSSOLFDWLRQVIRUVLVDO"LQ &RPPRQ)XQGIRU&RPPRGLWLHV 
$OWHUQDWLYH$SSOLFDWLRQVIRU6LVDODQG+HQHTXHQ3RO\PHU3URFHVVLQJ6RFLHW\5RPH,WDO\
*KRVK5 5DPDNULVKQD$5HHQD*5DMX%K/3(IIHFWRIILEUHYROXPHIUDFWLRQRQWKHWHQVLOHVWUHQJWKRI%DQDQDILEUHUHLQIRUFHG
YLQ\OHVWHUUHVLQFRPSRVLWHV,QW-$GY(QJ6FL7HFKQRO±
*KRVK55DPDNULVKQD$5HHQD*(IIHFWRIDLUEXEEOLQJDQGXOWUDVRQLFSURFHVVLQJRQZDWHUDEVRUSWLRQSURSHUW\RI EDQDQD ILEUH
YLQ\OHVWHUFRPSRVLWHV-RXUQDORI&RPSRVLWH0DWHULDOV
.DUDGXPDQ<2QDO/'\QDPLFPHFKDQLFDODQGWKHUPDOSURSHUWLHVRIHQ]\PHWUHDWHGMXWHSRO\HVWHUFRPSRVLWHV-RXUQDORI&RPSRVLWH
0DWHULDOV±
.XPDU 6 0LVUD 5.  $QDO\VLV RI %DQDQD )LEHUV 5HLQIRUFHG /RZ  GHQVLW\ 3RO\HWK\OHQH3RO\ȯ  FDSURODFWRQH &RPSRVLWHV 6RIW
0DWHULDOV±
)LJ6(0LPDJHRIIUDFWXUHGVSHFLPHQ RI
QRUPDOUHLQIRUFHPHQWLQUHVLQPDWUL[
ILEHUSXOORXWV
PLFURJDSV
)LJ6(0LPDJHRIIUDFWXUHGVSHFLPHQRIILEUHV
VXEMHFWHGWRVRQLFDWLRQLQUHVLQ
EHWWHU
SHQHWUDWLRQ
RIUHVLQLQ
WKHILEHUV
